To help clarify controversial phylogenetic relationships within the family Emberizidae, we sequenced 1238 bp of mitochondrial DNA from the cytochrome b gene and a flanking portion of ND5. Although the longspurs (Calcarius) and the snow buntings (Plectrophenax) have been grouped with the Old World buntings (Emberiza) in traditional classifications, our molecular phylogenies constructed with maximum likelihood and maximum parsimony place these genera basal to a clade in which the Old World buntings and North American sparrows are sister groups. Contrary to the hypothesis that the radiation within Emberiza is recent following a westward expansion of emberizid stock into Eurasia from North America, we found that the level of genetic divergence among Old World buntings approximates those among different genera in North American sparrows. Thus the radiation of the Emberizidae seems to have occurred at roughly the same time in the Palaearctic and Nearctic. Our results are consistent with earlier analyses of allozymes, but sequences from multiple genes and new morphological analyses are required to fully resolve phylogenetic relationships within the Emberizidae.
The classification of buntings and sparrows in the family Emberizidae has been controversial and subject to several recent revisions (Sibley and Ahlquist 1990 , Cramp and Perrins 1994 , Byers et al. 1995 , AOU 1998 . According to Byers et al. (1995) the Emberizidae may be divided in three main groups, Old World buntings, North American sparrows and South American emberizids. Old World buntings comprise 43 species classified in five genera. Three of these genera (Molophus, Latoucherornis and Miliaria) are monotypic, Plectrophenax contains two species breeding in the Arctic region of Eurasia and North America, and Emberiza contains all other species distributed in Eurasia and Africa. North American sparrows comprise 69 species in 20 genera (e.g. Ammodramus, Passerculus, Zonotrichia, Pipilo and Calcarius) . Calcarius contains three species breeding only in North America, and one, the Lapland Longspur C. lapponicus, breeding circumpolarly in Eurasia and North America. South American emberizids are the most species-rich group, comprising approximately 150 species in 41 genera (e.g. Sporophila, Loxigilla, and Sicalis). Because of the high number of species found in Neotropical and Nearctic regions and because Old World buntings show little morphological differentiation (consistent with a recent radiation), it is usually thought that the family evolved in South America. From there members of this family spread through Central and North America, and eventually colonized Eurasia by crossing the Bering Strait. By this hypothesis, westward colonization of Eurasia was accompanied by an adaptive radiation within the genus Emberiza (Mayr 1946 , Harrison 1967 , Byers et al. 1995 .
Few genetic analyses of the relationships among taxa in the Emberizidae have been conducted. Avise et al. (1980) analysed allozyme variation in five genera of North American sparrows and a longspur (Calcarius ornatus). They found that Calcarius was as divergent as a New World finch (Carpodacus purpureus) from other emberizids. They did not examine any Old World buntings and accepted the traditional view that Calcarius was closer to Emberiza than to North American sparrows. Using DNA-DNA hybridisation, Sibley and Ahlquist (1990) found that Emberiza, Calcarius and Plectrophenax clustered as a sister group to the New World emberizids, but the relationships between them were unresolved. More recently, Watada et al. (1995) investigated the relationships between Old World and New World nine-primaried Oscines using allelic differences at 13 allozyme loci, but neither Calcarius nor Plectrophenax was included. From this study it appeared that genetic distances within the genus Emberiza were larger than those observed between different families of New World nine-primaried Oscines. Thus, contrary to the common view, Watada et al. (1995) suggested that Emberiza represents an early Old World radiation. Recently Patten and Fugate (1998) inferred phylogenetic relationships among North American sparrows and the genera Emberiza, Calcarius and Plectrophenax using a combined data set of morphological, behavioural, oological and allozyme characters. They concluded that Emberiza is a homogeneous, closely related group and that Calcarius is more closely related to Emberiza than to North American sparrows.
Given conflicting results of previous studies, we sequenced 1238 bp of mitochondrial DNA from the cytochrome b gene and a flanking portion of ND5 of twelve species belonging to the circumpolar, New World and Old World emberizids. The aim of this study was to clarify the phylogenetic relationships between these three putative groups within the Emberizidae.
Materials and methods
Tissue and/or blood samples were obtained for 12 emberizid taxa from North American sparrows, Old World buntings and circumpolar species, from two cardinalids and three Palearctic fringillids (Table 1 , which also gives the scientific names). The genetic analyses by Avise et al. (1980) indicated that divergence between carduelids and North American sparrows is comparable to that between longspurs and North American sparrows. We thus considered the fringillids as potentially part of the ingroup in the phylogenetic analyses. The Hermit Thrush (Turdidae) and Blackcapped Chickadee (Paridae) were used as outgroups. Samples were obtained from the Royal Ontario Museum in Toronto (Canada), the Zoological Institute of the University of Copenhagen (Denmark), and the Natural History Museum of Vicenza (Italy).
Purified mtDNA was obtained by CsCl gradient centrifugation as in Van Wagner and Baker (1990) , whereas total genomic DNA was extracted according to Kocher et al. (1989) . Two primers, b1-M13F and b6-M13R (Kocher et al. 1989) , were used to amplify a 1104 bp fragment of the cytochrome b gene. These two primers were tailed at their 5% ends with the universal forward and reverse M13 primers, respectively. PCR was performed in a total volume of 25 ml using 10 mM of Tris-HCl, 1.5 mM of MgCl 2 , 5 pmoles of each primer, 200 mM of each dNTP, 0.5 units of Taq polymerase (Perkin-Elmer Cetus), and 20 -50 ng of DNA. The forward and reverse M13 primers labelled with a fluorescent dye (IDR-800 and IDR-700 respectively; Li-Cor Inc.) were used with the Thermo Sequenase DYEnamic Direct cycle sequencing kit (Amersham) as described in the technical bulletin c 71 (Li-Cor Inc.). The sequencing reactions were then loaded in a Li-Cor DNA bidirectional sequencer 4200 and run overnight.
To recognise possible nuclear copies (pseudogenes) of the cytochrome b gene, each sample was amplified and sequenced using two primers NADW5 (5%-CACY-TAATCGACCTCTCMTG-3%) and L14990 (or b2 of Kocher et al. 1989) . These primers amplified a fragment of about 600 bp of the fifth subunit of the NADH dehydrogenase (ND5) and cytochrome b that overlaps about 400 bp of the b1-b6 product of the M13-tailed primers. The fragment was sequenced using the ThermoSequenase radiolabeled terminator cycle sequencing kit (Amersham), in the presence of a-ddNTP 33 P. Where possible, two or more individuals per taxon were sequenced to confirm authenticity of samples. Sequences translated correctly, had the expected pattern of substitution at each codon position, and were confirmed from both amplification products without contaminating background sequence expected when nuclear copies are present. Additionally, sequences obtained from purified mtDNA and total genomic DNA were identical and contained no indels. We therefore feel confident that sequences are from the mitochondrial DNA genome. The sequences reported here have been deposited in GenBank (Table 1) .
The sequences were aligned manually using ESEE (Cabot and Beckenbach 1989) . Presence of saturation in the entire data set and third position specifically was tested with an entropy-based index of substitution saturation (H) using the program DAMBE (Xia 2000, Xia personal communication) . Phylogenetic information is essentially lost when the observed H is equal to or larger than the expected H at half of full substitution saturation. The difference between the observed saturation and the expected value at half of full saturation is tested with a t-test of unequal variances (Xia 2000) . All phylogenetic methods make assumptions about the process of DNA substitution (Felsenstein 1988) ; consequently, phylogenetic inference will depend on underlying models. We used the program MOD-ELTEST 2.1 (Posada and Crandall 1998 ) to determine which model of evolution best fitted the sequences. For our data set the General Time Reversible model with invariant sites and gamma distribution parameter to correct for rate variation among sites (GTR + I+ G) (Rodriguez et al. 1990 ) was the most appropriate based on the Akaike information criterion (minimum theoretical information criterion, AIC), a measure that rewards models for good fit, but imposes a penalty for unnecessary parameters (Akaike 1974) .
Phylogenetic trees were obtained with maximum likelihood (Felsenstein 1981) and maximum parsimony methods using PAUP* 4.0b2 (Swofford 1998) . The GTR+ I+ G model was applied in maximum likelihood. In maximum parsimony analyses (heuristic search, random sequence addition using the TBR algorithm), transitions were down-weighted by a factor of four (TS:TV = 4:1) to take into account the faster accumulation of transitions relative to transversions (Voelker and Edwards 1998) . The weighting scheme was based on the TS:TV ratio estimated empirically using the program PUZZLE 4.02 (Strimmer and von Haeseler 1996) . A bootstrap test (Felsenstein 1985) using 1000 replicates was performed in maximum parsimony to determine relative support for the resulting topology. Branch support values for the maximun likelihood tree were obtained with the quartet-puzzling tree search to reduce computation time. To test whether our trees differed significantly from traditional hypotheses of relationships (Paynter and Storer 1970, Sibley and Ahlquist 1990 , AOU 1998) we conducted Kishino-Hasegawa tests (1989) with PAUP*.
Results
The mitochondrial sequences obtained spanned 1104 bp of the cytochrome b gene and the upstream 137 bp of the ND5 gene. A short spacer sequence of 10 bp separating the two genes was excluded from phylogenetic analyses, as was the ND5 stop codon, because saturated (t = 1.03, P \0.05). A total of 500 (40%) of the sites were variable, of which 345 (27.8%) were parsimony-informative. Neither the entire sequence nor third positions alone of both genes was saturated (ND5: respectively t =9.3 and 9.4, P B 0.01; Cyt b: respectively t =15.7 and 18.4, P B0.01). The TS:TV ratio was estimated to be 3.7 for the entire sequence (Table 2) . Corrected sequence divergence values calculated with the GTR + I+G model are shown in Table  2 . The substitution rates were respectively: d(AC) = 1.03, d(AG) =4.74, d(AT) = 0.94, d(GC) = 0.1, and d(CT)=7.68. The gamma shape parameter was 0.82, indicating substantial rate variation among sites estimated by Paup*. The proportion of sites unable to accept substitutions was 0.47.
Among emberizids we sampled, corrected distances ranged from 7.1% (Rustic Bunting -Little Bunting) to JOURNAL OF AVIAN BIOLOGY 32:2 (2001) 23.7% (Cirl Bunting -Grasshopper Sparrow), a figure similar to that observed between the two most divergent Emberiza species (Rustic Bunting -Cirl Bunting, 23.6%). Emberiza species were also well differentiated from Calcarius and Plectrophenax, with distances ranging between 14.7% (Corn Bunting -Snow Bunting) and 23.2% (Cirl Bunting -Lapland Longspur). Sequence divergence between emberizids and cardinalids ranged from 17.2% (Snow Bunting -Rose-breasted Grosbeak) to 30.8% (Cirl Bunting -Northern Cardinal).
The maximum likelihood tree constructed with the GTR+I +G model of substitution placed Old World buntings as the sister group to North American sparrows. The longspurs and snow buntings, which were clustered together in all phylogenetic analyses with high support (95-99%), were grouped with the Cardinalidae basal to other Emberizidae (Fig. 1) , though the support value for this latter relationship was only moderate. This placement of basal groups was also recovered in the weighted maximum parsimony tree, but when nodes with less than 50% boostrap support were collapsed, the branching order of the Cardinalidae and Calcarius+ Plectrophenax clades was unresolved (Fig. 2) . Similarly, the two divergent clades of Old World buntings formed an unresolved polytomy with New World sparrows. Carduelis and Fringilla were basal to the Cardinalidae and Emberizidae in all trees. Within the Old World buntings, the Corn Bunting always appeared as a sister to a clade containing the Yellowhammer and Cirl Bunting, which in turn was the sister group to a clade containing the Little Bunting, Rustic Bunting and Reed Bunting. These relationships were recovered by both phylogenetic methods and were well supported in either clade. The third clade grouped all North American sparrows, including the Eastern Towhee. The Grasshopper Sparrow was always basal to a clade with high support containing the Eastern Towhee, White-throated Sparrow, and Savannah Sparrow. Calcarius and Plectrophenax have traditionally been considered closely related to the Old World buntings. To test our topologies against this ''classical'' phylogeny we used the Kishino-Hasegawa test (Kishino and Hasegawa 1989) in PAUP 4.0b2 (K-H test) . A tree with Calcarius and Plectrophenax as a sister group to the Old World buntings was rejected statistically (P B 0.05) using our sequences.
Discussion
Previous hypotheses about the phylogeny and evolution of the Emberizidae have assumed that longspurs and snow buntings are closely related to Old World buntings, based on the morphological and behavioural similarities they share (Harrison 1967 , Jehl 1968 , Paynter and Storer 1970 , Greenlaw 1977 , Byers et al. 1995 . In accord with this view, Sibley and Ahlquist (1990) found that Emberiza, Calcarius and Plectrophenax clustered as a sister group to the New World Emberizidae, but relationships between them were unresolved. Recently, this hypothesis received further support by Patten and Fugate (1998) , but they pointed out problems in polarizing characters using a closely related outgroup of three genera in the family Cardinalidae. Our results are different from those implied in the classical hypothesis: while our trees support the view that Calcarius and Plectrophenax are closely related, they are statistically incompatible with the hypothesis that these circumpolar genera are closely related to Old World buntings. On the contrary, Calcarius and Plectrophenax seem to represent an early radiation in the Emberizidae, judging from their basal position in our maximum parsimony and maximum likelihood trees. Plectrophenax and Calcarius appear to be a sister group to the Cardinalidae, but this node had only moderate bootstrap support and so remains unresolved.
The position of Old World buntings in the evolution of the Emberizidae has been controversial. Paynter and Storer (1970), Sibley and Monroe (1990) , Watada et al. (1995) and Patten and Fugate (1998) all considered Emberiza and allies (including Calcarius and Plectrophenax) to be basal. In contrast, the two most recent AOU check-lists (1983, 1998) considered Emberiza a more recent radiation in the linear sequence they presented. With our sequences the Old World buntings were resolved as the sister group of North American sparrows with both methods of tree construction. Patten and Fugate (1998) also considered the clade containing Emberiza, Calcarius and Plectrophenax to be more similar in many characters to cardinalids than to other emberizids. This is in partial agreement with the cytochrome b phylogeny where Plectrophenax and Calcarius are basal, while Emberiza is more derived. The incongruence between these phylogenetic hypotheses could derive from the use of some primitive characters in inferring phylogenetic relationships (Patten and Fugate 1998) , or from stochastic sampling error that may arise across relatively short sequences making the correct gene tree difficult to recover (Edwards 1997) . More sequence data from additional, independent genes would help in deciding between these alternatives.
Old World buntings are a large and heterogeneous group. Several well-defined subgroups have been recognised and some perhaps should be treated as separate genera (Byers et al. 1995 , Watada et al. 1995 . Old World bunting taxa we sampled formed two distinct and well supported clades. The Corn Bunting was resolved as basal to the clade containing the Yellowhammer and Cirl Bunting. Unlike Emberiza species, the Corn Bunting has marked sexual dimorphism in size but not in plumage. Juveniles undergo a complete post-juvenile moult and for this reason the Corn Bunting has been put into a separate genus (Miliaria). The cytochrome b tree clearly shows that the Corn Bunting belongs to the Emberiza clade; thus, Emberiza appears to be a paraphyletic taxon. The genetic divergence between the two clades of Emberiza was roughly equivalent to the divergence between Emberiza and North American sparrows, suggesting that Emberiza comprises a heterogeneous group. However, this result must be considered as a provisional hypothesis since we sequenced only six of the 38 Emberiza species and tree topology can change as taxa are added (Graybeal 1998) .
Finally, North American sparrows have been the subject of several phylogenetic studies (Avise et al. 1980 , Zink 1982 , Patten and Fugate 1998 . To resolve the relationships within this group was not one of the goals of our study. However, we note that the cytochrome b phylogeny is in agreement with results obtained by Avise et al. (1980) . Again our sampling was limited, so our phylogeny is only tentative and a possible starting hypothesis for future studies.
In conclusion, our results do not support the classical view that Old World buntings, Plectrophenax and Calcarius are closely related groups. On the contrary, we found that Calcarius and Plectrophenax could represent an early radiation within the Emberizidae, basal to both New and Old World emberizids. Within the genus Emberiza, the cytochrome b sequences showed a divergence among species as large as that observed among four different genera of New World sparrows. This finding does not support the traditional view that Emberiza is a recent radiation from the ancestral clade of New World sparrows, but instead suggests that the radiation of the emberizids probably occurred at approximately the same time in the Nearctic and Palearctic regions. Our results suggest that the biogeography and the phylogeny of the Emberizidae is still uncertain even with these new data and further investigations are therefore needed.
